Abstract: Sensitivity to disk vibration and large component number, which complicates assembly and optical alignment, are the drawbacks of traditional optical pickup systems. Here, a numerical method of designing a dual-wavelength diffractive objective lens with high numerical aperture for generating arbitrarily discrete, diffractionless beams with extended depth of focus is presented. Simulation and experimental results show that the optimized design provides better resolution, longer depth of focus and higher diffractive efficiency. The proposed design is promising for nextgeneration optical pickup systems that are more robust to disk vibration and easier to assemble.
Introduction
An optical pickup head generally comprises one or more laser sources and an objective lens that must focus the laser beam onto a disk of specific overcoat thickness. The lens must create a single aberration-free spot on different types of disk media, which spin at high speed and tend to wobble and vibrate. The focal length of the objective lens may also vary slightly during operation, and these variations may be either discrete or continuous. Therefore, a large depth of focus and a small spot size are critical. Furthermore, a large depth of focus in the neighborhood of the disk media is necessary when using one lens to focus multiple laser sources of different wavelengths, as a change in wavelength implies a change in focal length.
Consequently, objective lenses must have a large depth of focus and high lateral resolution. But as is well known, conventional elements (spherical lenses, mirrors, etc.) cannot have both the features simultaneously: a large lateral resolution requires a large numerical aperture (NA), whereas a large depth of focus requires a small NA. A nondiffracting beam such as a zero-order Bessel beam can form a narrow focal line along the optical axis with a very large (compared with Rayleigh range) depth of focus. Such beams have a number of applications such as in precision alignment [1, 2] , profile measurement, industrial inspection, information display [3] , laser surgery [4] , laser machining [5] , optical coherence tomography [6] , and harmonic generation [7] . In fact, many different types of optical elements can be used to generate nondiffracting beams: conic mirrors [8] , axicons [9, 10] , circular gratings [11] , Fabry-Perot etalons [12] , holograms [13] , and diffractive axicons [14] .
A more recent development is the concept of pseudo-nondiffracting beams [15] [16] [17] , characterized by an almost constant axial intensity distribution over a finite axial region, beamlike shape in the transverse direction, and operation in the far field. But almost all research [11] [12] [13] [14] [15] [16] [17] conducted thus far on nondiffracting beams-whether of single or multiple segments, or with monochromatic or multiple-wave illumination-have been devoted to optical systems with NA [18] 
, where S is the diameter spot-size for the Airy criterion) of approximately 0.005-0.07. To our knowledge, no reports exist on the generation of nondiffracting beams in a dual-wavelength optical pickup head system with a diffractive objective lens (DOL) of high NA and arbitrarily extended depth of focus. This paper describes the design of such a high-NA DOL that can generate arbitrarily discrete, diffractionless beams (ADDB) at multiple wavelengths for an optical pickup head, which is an advanced design for previous study [19] . Because of the large NA, the focal length is very near the front-zone of the near-field diffraction region. Further, incorporating this DOL, an optimized optical pickup head design for digital versatile disks (DVDs) is proposed. The ADDBs of two wavelengths have a high transverse resolution and a segmented axial intensity distribution with a single wavelength in each section, besides an extended depth of focus. The design of a high NA DOL with dual-wavelength ADDBs for an optical pickup head was conducted using a conjugate-gradient method.
Our analysis shows that the optimized design should increase beam convergence and decrease nonuniformity in the axial intensity by several orders compared with previous designs [14, 17] . Further, such a lens was fabricated and integrated into an optical measurement system with dual-wavelength Laser source. Both our calculation and measurement confirms the increased lateral resolution and expanded longitudinal axial distribution, which has a potential to overcome the problems in assembly and optical alignment of conventional designs.
Design and optimization
To generate the dual-wavelength ADDB functions for a DVD optical pickup head, we propose a modified numerical optimization method to design a fused-silica based DOL objective lens with high NA. Dual-wavelength ADDBs are characterized by segmented axial intensity distributions and high transverse resolutions, with each segment having an ultra-long depth of focus, high NA and single wavelength. The proposed numerical optimization is derived from the conjugate-gradient method, which integrates a high-order Bessel modified function. Because of the very short focal length, the DOL approaches the near-field diffraction limit. Consequently, the integral function of the Bessel term, which is classified in the linear transfer equation of the Fresnel diffraction integral function in the paraxial approximation, cannot be neglected. But this method leads to a slow convergence and a large computing load during simulation, which can be solved by using a high-order Bessel modified error function with a 2-D weighting factor. The DOL is placed on the input plane of the system. The incident light passes through the DOL and propagates in free space, as illustrated in Fig. 1 , where r 1 and r 2n denote the radial coordinates on the input and nth sampling planes, respectively. R 1 and R 2 denote the radius on the input and output planes, respectively. The input field distribution on the incident plane (Z = 0) is given by ( ) ( ) ( )
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The corresponding output wave distribution function on the nth axial sampling plane located at Z n is expressed by
where ( ) 2 2 , ,
is the phase function of the output wave, and ( ) 2 2 , ,
is the amplitude distribution of the output light for wavelength component λ m . In the Fresnel approximation [20] , the high-order Bessel modified output field distribution along the optical axis at distance Z n from the DOL can be expressed as
where R 1 is the maximum radius of the DOL, and J 0 is the zero-order Bessel function of the first kind. The focal length of the DOL for the optical pickup head is very short (within 1.8-2.4 mm), considerably less than that reported in the previous descriptions of conventional Bessel beams. Consequently, the integral function of the Bessel term cannot be omitted in free space. The axial intensity distribution can be presented by selecting a trapezoid profile. The performance of the designed DOL is evaluated by using a high-order Bessel modified error function E with a two-dimensional weighting factor In the conjugate-gradient method [21] , the solution to the unknown variable y(r 1 ), search direction d (k) , and factor β (k-1) can be derived from an iteration algorithm of the form
where τ (k) and vector d (k) are the step size and search direction in the kth iteration, respectively. The search direction d (k) is given by
and the factor β 
where ∇E[y (k) (r 1 )] is the gradient of error function E with respect to y(r 1 ), and r 2p denotes the radial coordinates on the pth sampling plane. The step size τ (k) is chosen such that E[y
To estimate the uniformity of the constant axial intensity distribution I over the given segment, we define nonuniformity in the expression as follow: 2 2 Nonuniformity ,
where < > stands for the average value of the related intensity distribution over the given axial segment. The efficiency of the DOL is based on the ratio of two simulated or measured quantities, such as Efficiency Useful energy / Incident energy. ≡ (11) As discussed by Goodman [22] , we describe the DOL efficiency as a normalized Strehl efficiency, defined as the on-axis irradiance ratio η of the tested DOL to the irradiance ratio of a diffraction-limited ideal DOL, 
where n is the number of masks, and 2 n the number of phase levels. Experimentally, we can determine the efficiency η Tested DOL by normalizing the power in the simulation or measurement results [24] ,
given by the ratio of the energy in the central lobes of the far-field pattern, E u , to the incident energy E i .
Numerical simulation
The phase of the dual-wavelength DOL was calculated by using the high-order Bessel modified conjugate-gradient method. According to the specifications of the DVD optical pickup head white paper (Table 1 ) and the requirement of our fabrication process, we determined the size and specifications of the DOL to satisfy the diffraction-limited criterion and tolerance of fabrication. Table 2 presents the specifications of the dual-wavelength ADDB DOL for DVD optical pickup head. We carried out the design of a DOL that generated dual-wavelength ADDB with two segments, each segment being monochromatic with wavelengths λ DVD = 650 nm for the first segment and λ CD = 780 nm for the second segment, respectively. From experience, we assigned high weights to the signal region with a constant axial intensity and low weights to the other regions. Moreover, we found that the number of sampling points for the input plane (N 1 ) and output plane (N 2 ) possessed significant roles in the tricky process of convergence during the simulation. There were some restrictions on the two parameters N 1 and N 2 . For example, the minimum feature size achievable in the fabrication determined the maximum value of N 1. On the other hand, if the values of N 1 and N 2 were too large, the computation became more complex because of the slower convergence and the high computing load. To improve the convergence of the optimized simulation and reduce the computing load, we decreased the restrictions on the initial conditions. In the initial simulation, we began with a small number of sampling points with N 2 being 30 along the output optical plane.. Following this, in the subsequent calculation process, we used more sampling points and replaced them with the results that had been calculated previously in the initial phase. Finally, the number of sampling points N 2 was increased to 1000 in the last simulation. A schematic illustration of the DOL that can generate a dual-wavelength ADDB for a DVD optical pickup head system is shown in Fig. 2 . To present the utilization of this approach, we performed the design in two segments, where each segment retained its single wavelength feature: The first segment has a wavelength λ DVD of 650 nm, a focal length of 1.8 mm, a depth-of-focus of ± 120 µm, and an the average spot-size diameter of 1.02 µm for the Airy criterion (NA ≈0.7775). The second segment had a wavelength λ CD of 780 nm, a focal length of 2.4 mm, a depth-of-focus of ± 120 µm, and an average spot-size diameter of 1.59 µm for the Airy criterion (NA ≈0.5985). The plane wave consisting of these two wavelengths was incident upon the DOL. The sampling rings (points) N 1 was set to be 600 along the radial coordinate of the DOL within an aperture diameter of 4.2 mm. The spacing between adjacent axial sampling points N z was chosen as 60 µm within an axial-intensity sampling distance of Z = 30 mm. The average simulation results for the spot-size diameter required for the optimized dualwavelength ADDB DOL are listed in Table 3 . Despite the fact that the results for 8L were smaller than 16L or CP, the nonuniformity and efficiency for 8L was worse than that for 16L and CP. Figures 6-8 exhibit the spot-size diameter for the Airy criterion, 1/e 2 , and full width at half maximum (FWHM), which have continuous phases and quantized phases (16L and 8L), for designing the dual-wavelength ADDB DOL with two depth-of-focus regions (λ = 650 nm, DVD segment, and λ = 780 nm, CD segment). Notwithstanding the few side-lobe defects in certain output planes, the results of the simulations demonstrated a banded-krait-like beam shape with high transverse resolution for long-focal-depth characteristics. It is worth pointing out that the wavelength of each segment and depth-of-focus can be arbitrarily preset. The surface-relief depth of the CP distribution for the designed ADDB DOL is illustrated in Fig. 9 . The maximum surface-relief depth is H T = 2.848 µm (for fused silica). These diagrams provided information of both the axial intensity uniformity and the transverse intensity distribution. It was conspicuously shown that the dual-wavelength ADDB characteristic exhibited a banded-krait-like beam shape with a high transverse resolution approaching the near-zone of the near-field diffraction region. The numerically simulated diffractive efficiencies for 16L and 8L fused-silica DOLs were 94.01% and 80.59% for λ DVD = 650 nm, and 97.06% and 89.51% for λ CD = 780 nm, respectively. Therefore, these simulation results verified that the DOL conformed to the requirements of long-focal-depths as well as high lateral resolution for application to DVD optical pickup heads. 
Fabrication results
A fused-silica-based DOL with two wavelengths and a long depth of focus was fabricated by semiconductor micromachining techniques. The fabrication process involved reactive-ion etching to produce the surface relief structures on a flat quartz substrate. The three photo masks of the 8L for optical contact lithography contain 600 concentric circle rings, as shown in Fig. 10 . Figure 11 shows a photograph of the fabricated fused-silica-based DOL. The minimum feature size is 3.5µm. Figure 12 shows a diagram of the surface relief structures viewed by scanning electron microscopy (SEM). Figures 13(a)-(d) show part of the surface relief structures on the finished DOL, measured by a Zygo 3D surface profiler measuring system. The diameter of the DOL was 4.2 mm. It is obviously seen from Fig. 12 that the DOL has some misalignment as a result of small residual defects in the fused-silica-based DOL. This may resulted in some differences between the theoretical calculation and actual measurements, unless the gray-scale lithography and alignment processes had been improved. 
Measurement results
The fabricated fused-silica DOL was tested on a dual-wavelength (652.5nm and 785.2nm) optical measurement system to verify the simulation results. Given the long depth-of-focus, a charge coupled device (CCD) camera was placed on an optical bench and moved along the optical axis to record the intensity (spot diagram) on the sampling planes, as shown in Fig. 14 . The measured axial intensity distribution conspicuously indicated that there were slightly differences between the experimental and theoretical results. In Fig. 15 , the FWHM spot size on planes at Z = 1.68, 1.72, 1.76, 1.80, 1.84, 1.88, and 1.92 mm, generated by the DOL are about 0.735, 0.833, 0.833, 0.882, 0.735, 0.784, and 0.784 µm, respectively. Figure 16 shows that the FWHM spot size in the CD segment on planes at Z = 2.28, 2.32, 2.36, 2.40, 2.44, 2.48, and 2.52 mm are about 1.078, 1.029, 1.029, 0.931, 1.127, 0.98, and 1.029 µm, respectively. These illustrations provided a view of both the axial intensity uniformity and the transverse intensity distribution. It was clearly seen that this dual-wavelength ADDB exhibited a banded-krait-like beam shape with a high transverse resolution, barring a few defects. These fabrication results indicated a view of both the transverse intensity distribution and the axial intensity uniformity, except for the spot size at Z = 2.44 mm. Although the fabricated fused-silica DOL had some alignment defects as a result of the mask misalignments and residual error, it is clear that the spot sizes and transverse resolutions were slightly insufficient for a DVD optical pickup system unless the fabrication processes had been improved. For example, better results can be achieved by using grey-levels or Ebeam lithography to produce a smoother profile, which can achieve higher diffraction efficiency, smaller spot size, higher transverse resolution, and better axial intensity uniformity. 
